Novel trisubstituted ethylenes, ring-substituted propyl 2-cyano-3-phenyl-2-propenoates, RPhCH=C(CN)CO 2 C 3 H 7 (where R is 2,3,6-trichloro, 2,3,4-trifluoro, 2,3,5-trifluoro, 2,4,5-trifluoro, 2,4,6-trifluoro, 3,4,5-trifluoro) were prepared by the piperidine catalyzed Knoevenagel condensation of ring-trisubstituted benzaldehydes and propyl cyanoacetate.
Introduction
Ring-functionalized trisubstituted ethylenes (TSE), esters of 2-cyano-3-phenyl-2-propenoic acid, R 1 PhCH=C(CN)CO 2 R 2 continue to attract attention as compounds with interesting properties and as comonomers for modification of commercial polymers. Thus, dimethylamino ring-substituted methyl 2-cyano-3-phenyl-2-propenoate was examined among other cyanovinylheteroaromatics in relation to organic nonlinear optics (Matsuoka et al., 1990) . Applications of ethyl 2-cyano-3-phenyl-2-propenoate, ECPP and its ring-substituted derivatives include studies of antifungal potential (Sidhu et al., 2008) and antileishmanial activity (Tiwari et al., 1999) . 2-Fluorophenyl substituted ECPP was used in studies of estrogen receptor dependent inhibitors (Caggiano et al., 2007) .
It was shown that electrophilic tri-and tetrasubstituted olefins are particularly useful in delineating the transition from radical chemistry to ionic chemistry (Hall & Padias 2004) .
In regard to polymerization reactivity, previous studies showed that TSE containing substituents larger than fluorine have very low reactivity in radical homopolymerization due to polar and steric reasons. Although steric difficulties preclude homopolymerization of most TSE monomers, their copolymerization with a monosubstituted alkene makes it possible to overcome these steric problems (Odian 2004) . Copolymerization of electrophilic TSE having double bonds substituted with halo, cyano, and carbonyl groups and electron-rich monosubstituted ethylenes such as styrene, N-vinylcarbazole, and vinyl acetate (Hall & Daly 1975 , Hall & Ikman 1977 , Kharas 1996 show a tendency toward the formation of alternating copolymers -thus suggesting a way of functionalization of commercial polymers via introduction of isolated TSE monomer units.
Similarly
ring-substituted TSE monomers, 3-phenyl-2-dicyanoethenes (Kharas 2011) and butyl 3-phenyl-2-cyano-2-propenoates (Kharas 2016) were copolymerized with 4-flourostyrene and styrene, respectively. With the objective to design novel structures, that could serve as a spring board for further development of novel materials with new properties and applications, and in continuation of our studies of the monomer structure-reactivity correlation in the radical copolymerization of TSE monomers we have prepared ring-trisubstituted propyl 2-cyano-3-phenyl-2-propenoates (PCPP), RPhCH=C(CN)CO 2 C 3 H 7 , where R is 2, 3,6-trichloro, 2,3,4-trifluoro, 2,3,5-trifluoro, 2,4,5-trifluoro, 2,4,6-trifluoro, 3,4,5-trifluoro , and explore the feasibility of their copolymerization with styrene. To the best of our knowledge, there have been no reports on either synthesis of these propyl 2-cyano-3-phenyl-2-propenoates, nor their copolymerization with styrene.
Experimental
2, 3, 2, 3, 2, 3, 2, 4, 2, 4, 3, 4, propyl cyanoacetate, piperidine, styrene, 1, (ABCN) , and toluene supplied from Sigma-Aldrich Co., were used as received.
Infrared spectra of the TSE monomers and polymers (NaCl plates) were determined with an ABB FTLA 2000 FT-IR spectrometer. The melting points of the monomers, the glass transition temperatures (T g ), of the copolymers were measured with TA (Thermal Analysis, Inc.) Model Q10 differential scanning calorimeter (DSC). The thermal scans were performed in a 25 to 200º C range at heating rate of 10º C/min. T g was taken as a midpoint of a straight line between the inflection of the peak's onset and endpoint. The thermal stability of the copolymers was measured by thermogravimetric analyzer (TGA) TA Model Q50 from ambient temperature to 800º C at 20º C/min. The molecular weights of the polymers was determined relative to polystyrene standards in THF solutions with sample concentrations 0.8% (w/v) by gel permeation chromatography (GPC) using a Altech 426 HPLC pump at an elution rate of 1.0 mL/min; Phenogel 5μ Linear column at 25ºC and Viscotek 302 detector.
1 H-and 13 C-NMR spectra were obtained on 10-25% (w/v) monomer or polymer solutions in CDCl 3 at ambient temperature using Avance 300 MHz spectrometer. Elemental analyses were performed by Midwest Microlab, LLC (IN).
Results and discussion

Synthesis of Monomers
The ring-trisubstituted propyl 2-cyano-3-phenyl-2-propenoates (PCPP) were synthesized by Knoevenagel condensation (Smith & March 2001 ) of a ring-trisubstituted benzaldehyde with propyl cyanoacetate, catalyzed by base, piperidine. Scheme 1. Synthesis of propyl 2-cyano-3-phenyl-2-propenoates RPhCH=C(CN)CO 2 C 3 H 7 where R is 2,3,6-trichloro, 2,3,4-trifluoro, 2,3,5-trifluoro, 2,4,5-trifluoro, 2,4,6-trifluoro, 3,4,5-trifluoro.
The procedure was essentially the same for all the monomers. In a typical synthesis, equimolar amounts of propyl cyanoacetate and an appropriate ring-trisubstituted substituted benzaldehyde were mixed in equimolar ratio in a 20 mL vial. A few drops of piperidine were added with stirring. The product of the reaction was isolated by filtration and purified by crystallization from 2-propanol. The condensation reaction proceeded smoothly, yielding products, which were purified by conventional techniques.
3.1.1 Propyl 2-cyano-3-(2,3,6-trichlorophenyl)-2-propenoate 
Copolymerization
Copolymers of the ST and the PCPP monomers were prepared (Scheme 2) in 25-mL glass screw cap vials at ST/PCPP = 3 (mol) the monomer feed using 0.12 mol/L of ABCN at an overall monomer concentration 2.44 mol/L in 10 mL of toluene. The copolymerization was conducted at 70º C. After a predetermined time, the mixture was cooled to room temperature, and precipitated dropwise in methanol. The conversion of the copolymers was kept between 10 and 20% to minimize compositional drift (Table 1 ). The composition of the copolymers was determined based on the nitrogen content. Since PCPP monomers do not homopolymerize, the most likely structure of the copolymers would be isolated PCPP monomer units alternating with short ST sequences (Scheme 2).
Scheme 2. ST-PCPP copolymer synthesis, R = 2, 3,6-trichloro, 2,3,4-trifluoro, 2,3,5-trifluoro, 2,4,5-trifluoro, 2,4,6-trifluoro, 3,4,5-trifluoro Copolymerization of ST and the ring-trisubstituted PCPP resulted in formation of copolymers (Table 1) with weight-average molecular masses 15.1 to 27.8 kD. According to elemental analysis, between 18.9 and 28.3 mol% of TSE monomer is present in the copolymers prepared at ST/PCPP = 3 (mol), which is indicative of relatively high reactivity of the monomers towards ST. In an attempt to qualitatively correlate the observed monomer reactivities, we considered copolymer composition data. The relative reactivity of ST in copolymerization with these monomers can be estimated by assuming applicability of the copolymerization equation (Eq. 1) of the terminal copolymerization model (Odian 2004) : 
Consideration of monomer reactivities according to Equation 3 also involves the assumption of minimal copolymer compositional drift at given conversion. This non-rigorous kinetic treatment (Odian, 2004) allows estimation of the reactivity of a ST-ended polymer radical in reaction with PCPP monomer (Table 1) .
Structure and Thermal Properties
The structure of ST-PCPP copolymers was characterized by IR and NMR spectroscopy. A comparison of the spectra of the monomers, copolymers and polystyrene shows, that the reaction between the TSE monomers and ST is a copolymerization. IR spectra of the copolymers show overlapping bands in 3200-2820 cm -1 region corresponding to C-H stretch vibrations. The bands for the PCPP monomer unit are 2240 -2234 (w, CN), 1745 -1730 , and 1250-1220 cm -1 (m, C-O). Benzene rings of both monomers show ring stretching bands at 1500-1400 cm -1 as well as a doublet 826-715 cm -1 , associated with C-H out of plane deformations. These bands can be readily identified in styrene copolymers with TSE monomers containing cyano and carbonyl electron withdrawing groups.
The 1 H-NMR spectra of the ST-PCPP copolymers show a broad double peak in a 6.0-8.0 ppm region corresponding to phenyl ring protons. A resonance at 4.4-3.6 ppm is assigned to the methyleneoxy protons of PCPP monomer unit. A broad resonance at 3.0-2.0 ppm is assigned to the methyl and methine protons of PCPP, and methine and methylene protons of ST monomer unit close to the propenoate unit, which are more subjected to deshielding than the ones in polystyrene. The low and high field components of the signal are associated with PCPP monomer unit in head-to-tail and head-to-head structures (Kharas, Murau, Watson, & Harwood, 1992) . A broad resonance peak in 0.9-2.3 ppm range is attributed to the methine and methylene protons of styrene monomer sequences, as well as to alkyl ester protons of PCPP. The 13 C-NMR spectra also support the suggested skeletal structure of the copolymers. Thus, the assignment of the peaks is as follows: 164-160 ppm (C=O), 156-130 ppm (quaternary carbons of both phenyls), 145-120 ppm (phenyl carbons), 118-112 ppm (CN), 60-50 ppm (methine and quaternary carbons PCPP carbons), 47-45 ppm (ST methine), and 44-40 ppm (ST methylene), 36-10 ppm alkyl carbons of PCPP. Broadening of the NMR signals in the spectra of the copolymers is apparently associated with head-to-tail and head-to-head structures, which formed though the attack of a styrene-ended radical on both sides of TSE monomer (Kharas et al, 1992) . The IR and NMR data showed that these are true copolymers, composed of both TSE and ST monomer units.
The copolymers prepared in the present work are all soluble in ethyl acetate, THF, DMF and CHCl 3 and insoluble in methanol, ethyl ether, and petroleum ether. They are amorphous and show no crystalline DSC endotherm. Results of thermal analysis of ST-PCPP copolymers are presented in Table 1 . Information on the degradation of the copolymers was obtained from thermogravimetric analysis. Decomposition of the copolymers in nitrogen occurred in two steps, first in the 190-500º C range with residue (3.7 -7.1% wt.), which then decomposed in the 500-800º C range. The decomposition products were not analyzed in this study, and the mechanism has yet to be investigated.
Conclusions
Novel trisubstituted ethylenes, ring-trisubstituted propyl 2-cyano-3-phenyl-2-propenoates RPhCH=C(CN)CO 2 C 3 H 7 (where R is 2, 3,6-trichloro, 2,3,4-trifluoro, 2,3,5-trifluoro, 2,4,5-trifluoro, 2,4,6-trifluoro, 3,4,5-trifluoro) were prepared and copolymerized with styrene. The compositions of the copolymers were calculated from nitrogen analysis and the structures were analyzed by IR, H 1 and 13 C-NMR. The thermal gravimetric analysis indicated that the copolymers decompose in in two steps, first in the 190-500C range with residue (3.7-7.1%wt), which then decomposed in the 500-800º C range.
